Previously, the present authors reported that the administration of acetylcho line into the sinus node artery of the dog regularly induced atrial fibrillation (Hashimoto et al. 1968 ). The induction of this atrial fibrillation was prevented by treatment with not only atropine but also anti-adrenergic compounds, guanethi dine, bretylium or propranolol and pretreatment with reserpine. Therefore, it was suggested that the participation of adrenergic mechanism may play an important role for the induction of atrial fibrillation by the administration of acetylcholine into the sinus node artery. Recently the present authors (Hashimoto et al. 1970 ) also described the potassium effect on the sino-atrial (SA) node pacemaker activity and demonstrated that hyperpotassemia prevented the induction of atrial fibrilla tion induced by acetylcholine injection or vagal stimulation. Furthermore, the positive chronotropic effect of catecholamine was significantly suppressed by hyperpotassemia. Thus, it is suggested that the anti-fibrillatory action of excess potassium depends, in part, on its interference with adrenergic mechanism.
In the present experiments, the authors examined the chronotropic effects of calcium and magnesium given into the sinus node artery and also the influence of these ions on effects of autonomic transmitters, with particular references to the mode of atrial fibrillation.
METHODS
Twenty-five mongrel dogs of both sexes weighing 9 to 20 kg were anesthetized with sodium pentobarbital, 30 mg/kg, intravenously. Artificial respiration was performed using a "Bird" respirator Mark 8 with room air. The direct perfusion of the sinus node artery used in these experiments was originally devised by James and Nadeau (1962) and modified by the authors for pharmacological research (Hashimoto et al. 1967 (Hashimoto et al. , 1968 (Hashimoto et al. , 1970 A daily dose of 0.5 mg/kg of reserpine dissolved in 20% ascorbic acid was given subcutaneously to three animals 24 hours and 48 hours prior to the experiment.
Iso-osmotic solution of GEDTA (100 mM/liter, pH=7.4) was infused to chelate the plasma calcium. The other drugs were dissolved in the 0.9% physiological saline and 0.01 ml of the solution was injected by a microinjector in a period of 4 seconds into the rubber tube connected closely to the shank of the polyethylene cannula.
Two types of microinjectors (Burroughs The increase in a calcium concentration caused a positive chronotropic response at the calcium concentration ranging from 5 to about 25 mEq/liter but a negative chronotropic response at the concentration above 30-35 mEq/liter as shown in Fig. 1 . The positive chronotropic effect was proportional to the increase in a calcium concentration and the maximum in the sinus rate was observed at about 20-25 mEq/liter.
Atrial fibrillation was observed during infusion of a high calcium solution in 6 out of 14 dogs. The fibrillation was either transient as shown in Fig. 2 or continuing as long as a high calcium solution was infused as shown in Fig. 3 . When the calcium concentration exceeded 30-35 mEq/liter, the pacemaker activity of the SA node was inversely depressed and an escape AV nodal rhythm took place. When the escape AV nodal rhythm appeared, infusion of the high calcium solution was stopped, and the sinus tachycardia appeared immediately after the cessation of calcium administration. The rate gradually diminished to the control rate in a few minutes (Fig. 2) . Either the positive chronotropic response or the atrial fibrillation was effectively inhibited by infusing a high potassium solution.
A positive chronotropic effect of calcium was also observed at the concentra tions from 5 to 25 mEq/liter in reserpinized animals. The concentration-response curve is illustrated in Fig. 1 . The degree of the positive chronotropic response to excess calcium in reserpine-treated animals was identical to that of the control. The negative chronotropic response induced by hypercalcemia above 25 mEq/liter was not studied with the reserpine-treated dog. Effects of beta-adrenergic blocking agents, LB 46, propranolol and H 56/28, on the positive chronotropic response to isoproterenol and calcium were compared on five dogs. While the response to isoproterenol was significantly depressed by all of these blocking agents, that to calcium was less depressed as shown in Fig. 4 . 
Effect of glycol ethylenediamine-tetraacetic acid (GEDTA)
An iso-osmotic solution of GEDTA, a highly specific chelating agent for calcium ion, was infused into the sinus node artery to lower the calcium level in the perfused blood. A lower concentration of GEDTA produced sinus bradycardia, while sinus arrhythmia was produced by infusion of a relatively higher dose of GEDTA.
When the sinus arrhythmia occurred, a transient normal beat was restored by a single dose of catecholamine (Fig. 6 ), while the positive chronotropic effect of catecholamine was significantly reduced by GEDTA. The induction of atrial fibrillation by a single dose of acetylcholine injected into the sinus node artery was inhibited by infusion of GEDTA at a lower rate, but facilitated at a higher rate enough to produce sinus arrhythmia.
Effect of magnesium ion
When a concentration of magnesium ion in the sinus node artery was raised by infusion of a high magnesium solution, a negative chronotropic effect was dosedependently induced (Fig. 7) , which was not modified by atropine. The positive chronotropic responses to calcium as well as to isoproterenol were significantly reduced by the increase in the magnesium concentration (Fig.  8) . Induction of transient atrial fibrillation by a single dose of acetylcholine was inhibited during the sinus bradycardia produced by infusion of a high magnesium solution (Fig. 9) .
DISCUSSION
In 1930, Mancke observed that an increase in concentration of calcium in a certain range had a rate-increasing effect in the isolated mammalian heart. In recent years, many investigators have studied the chronotropic effect of calcium.
Previous studies reported that a rise in calcium concentration caused an increase in rate, reaching the maximum. At higher calcium concentrations, atrial rate declined again (Seifen et al. 1964a, b; Schaer 1964 ). Midrio and Sperti (1963) reported that the positive chronotropic effect of calcium was mediated by the release of adrenergic transmitter. Vincenti and West (1965) described that the chronotropic action of calcium is ascribed to combination of the direct action on pacemaker fibers and indirect action through the release of autonomic mediator.
On the other hand, Seifen et al. (1964a) reported that the effect of calcium on heart rate was not altered by prior administration of atropine, nor was it modified in the depletion of cardiac catecholamines by the treatment with reserpine . Schmidt et al. (1965) obtained a similar result by pretreatment with reserpine . Seifen et al. (1964b) examined effect of calcium on the SA node pacemaker fibers of the rabbit with the intracellular microelectrode technique and concluded as follows: An increase in calcium concentration of the bathing medium increased the rate of slow diastolic depolarization. However, at a higher concentration (10 mM) , the threshold potential rose and then the rise in threshold was sufficient to com pete with the higher depolarization rate for the generation of the pacemaker potential. In this study, an infusion of GEDTA produced sinus bradycardia and further increase caused sinus arrhythmia. Reduction of the effective calcium concentra tion to 1.6 mM by administration of Na-EDTA reduced heart rate (Seifen et al . 1964a ). Low calcium resulted in the appearance of multiple pacemakers in the specialized conducting tissue (Hoffman and Suckling 1956 ). These observations may explain the onset of sinus arrhythmia during severe hypocalcemia in the sinus node artery by the infusion of GEDTA at a relatively higher rate in this study. The positive chronotropic effect of norepinephrine was inhibited during infusion of GEDTA, but the normal sinus rhythm was temporarily restored by a single dose of norepinephrine, which may be ascribed to the effect of calcium mobilized from binding sites by the latter. Thus, catecholamine and calcium may intensify the action each other at the effector sites.
It has been known that magnesium slows the heart rate in the dog heart (Stanbury and Farah 1950; Schmidt et al. 1965 ) and in the isolated guinea-pig atria (Schaer 1968) . The negative chronotropic effect of magnesium was proportional to the increase in its concentration (Schaer 1968 ) and was not mediated by choliner gic transmitter (Schmidt et al. 1965; Schaer 1968 ). Hoffman and Suckling (1956) reported that the change in the concentration of magnesium had little effect on the transmembrane potential of the Purkinje fibers of the dog heart when the calcium concentration was normal. Toda and West (1967) observed that addi tional magnesium ion (11.0 mM) in the presence of 2.2 mM of calcium changed the transmembrane potential of the SA node pacemaker of the isolated rabbit atria. Magnesium inhibited significantly the positive chronotropic action of not only calcium but also catecholamine. Inhibitory action of magnesium on the positive chronotropic action of catecholamine has not been reported. In six out of twelve cases, atrial fibrillation occurred when the calcium concentration of the SA node area was elevated. And induction of atrial fibrilla tion by a single injection of acetylcholine was facilitated by calcium. Briggs and Holland (1960) reported that spontaneous fibrillation appeared in the isolated rabbit atria, when the extracellular calcium concentration was suddenly increased to eight times normal. The SA node is sensitized to a negative chronotropic action of acetylcholine when the calcium concentration of the perfusing fluid is elevated to 11.0 mM in the isolated rabbit atria (Vincenzi and West 1965) . The induction of atrial fibrillation by certain interaction with catecholamine is suggested and, thus, excess calcium may facilitate this interaction between acetylcholine and catechol amine. Somjen and Baskerville (1968) pointed out that the effect of excess magnesium resulted in the increased sensitivity of the cardiac pacemaker to the inhibitory effect of injected acetylcholine. However, in this study, the induction of atrial fibrillation by acetylcholine was effectively inhibited by excess magnesium. The positive chronotropic response to catecholamine was significantly depressed by an increase in magnesium level. The magnesium excess may exert some inhibitory effect on the adrenergic mechanism. The antifibrillatory activity of excess magne sium may, in part, depend on its depressing effect on the action of catecholamines. Stanbury and Farah (1950) described that magnesium lengthened the refractoy period of the atrium in the dog's heart preparation. These facts suggest that magnesium depresses the pacemaker activity and stabilizes the membrane of the fibers of the SA node area against any stimulus of rapid firing.
